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Many experiments have revealed that the surfaces of
graphene and graphene-like structures can play an active
role as a host surface for clusterization of transition metal
atoms. Motivated by these observations, we investigate
theoretically the adsorption, diffusion and magnetic prop-
erties of Pt clusters on three different two-dimensional
atomic crystals using first principles density functional the-
ory. We found that monolayers of graphene, molybdenum
disulfide (1H-MoS2) and tantalum disulfide (1T-TaS2) pro-
vide different nucleation characteristics for Pt cluster forma-
tion. At low temperatures, while the bridge site is the most
favorable site where the growth of a Pt cluster starts on
graphene, top-Mo and top-Ta sites are preferred on 1H-MoS2
and 1T-TaS2, respectively. Ground state structures and mag-
netic properties of Ptn clusters (n= 2,3,4) on three different
monolayer crystal structures are obtained. We found that
the formation of Pt2 dimer and a triangle-shaped Pt3 cluster
perpendicular to the surface are favored over the three dif-
ferent surfaces. While bent rhombus shaped Pt4 is formed
on graphene, the formation of tetrahedral shaped clusters
are more favorable on 1H-MoS2 and 1T-TaS2. Our study of the
formation of Ptn clusters on three different monolayers pro-
vides a gateway for further exploration of nanocluster for-
mations on various surfaces.
1 Introduction
Graphene, the monolayer honeycomb structure of car-
bon atoms [1, 2], has been attracting a lot of interest
due to its remarkable structural, electronic and ther-
mal properties [3–7]. In addition to the unique prop-
erties of graphene, some works have concentrated on
the absorption of alkali, noble and transition metals on
graphene [8–13]. The attachment of metal nanoparti-
cles to graphene surfaces is a very challenging problem
with possible application for electrocatalysis. Regarding
the growth of metal clusters on graphene, in particular
the formation of platinum nanoclusters is important due
to their excellent catalytic behavior [14–16]. In addition,
when Ptn clusters are formed on graphene the equilib-
rium structure of the gas-phase of the clusters is pre-
served [14] and magnetic anisotropy energies (MAE) are
strongly reduced as compared to free clusters [15]. The-
oretical studies have also shown that depending on the
growth conditions Ptn nanostructures with diverse struc-
tural symmetries can be formed on graphene [14–17].
Moreover, recent advances in the synthesis of sin-
gle layer graphene and the understanding of it’s unique
properties have provided a ground for many other
two-dimensional materials such as e.g. transition metal
dichalcogenides (TMDs) [18–21]. Following the suc-
cessful experimental observation of single layers of
molybdenum disulfide (MoS2) [18] synthesis of vari-
ous TMDs such as WS2 [22], MoSe2 [23, 24], WSe2
[25] and ReS2 [26, 27] have been achieved. Studies re-
vealed that monolayers of TMDs, which are composed
of a transition metal atoms sandwiched between chalco-
gen layers, can exist in two different forms: 1H and
1T phases, and under certain conditions transitions
can occur between them [28, 29]. Owing to their vari-
ous phases and atomic structures, TMDs show a wide
range of electronic, mechanical, chemical and thermal
characteristics [29–32].
Formation of clusters of large atoms on various sub-
strates and their size dependent electronic and magnetic
properties have been investigated intensively during
the past twenty years. Optical properties of Ag cluster
films on mylar and mica substrates were investigated
experimentally [40]. In addition, the effect of the atomic
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radius on the Snn and Pbn cluster structures was inves-
tigated theoretically [41]. Moreover, magnetic impurities
in small metallic clusters were investigated theoretically
and the correlations between the cluster structure and
the magnetic behavior were revealed [42].
Similar to graphene, TMDs form weakly bonded
lamellar bulk structures and these van der Waals lay-
ers can host intercalation of foreign atoms and the
formation of various clusters. Aydinol et al. investigated
theoretically the intercalation properties of various
lithium-metal-oxides, sulfides, and selenides [33].
Ramirez and Schkatte performed a detailed study of the
migration and energetics of Li adatoms on a TiSe2(0001)
surface and showed that notwithstanding the high
energy barrier, direct intercalation can be possible [34].
Jishi et al. showed that the electronic density of states
in TiSe2 can be significantly enhanced upon copper in-
tercalation [35]. Furthermore, Meziane et al. calculated
Li and Na intercalation in dichalcogenides of Tantalum
and found that they are promising candidates for ther-
moelectric applications [36]. Experimentally, Kim et al.
reported that MoS2 and WS2 can be decorated with gold
atoms and the resulting gold nanoparticles tend to grow
at defective sites and the resulting MoS2/Au and WS2/Au
hybrid structures show significant enhanced electro-
catalytic performance towards hydrogen evolution
reactions [37]. Moreover, Sreeprasad et al. demonstrated
the possibility of raising the effective gate-voltage of
MoS2 devices by an order of magnitude through the
incorporation of highly capacitive gold nanoparticles
onto the surface [38]. Very recently the successful func-
tionalization of graphene membranes with platinum
nanoparticles that tend to exhibit a preferred orientation
was reported by Xu et al [39].
Although structural, electronic and magnetic proper-
ties of freestanding and graphene-supported Ptn clusters
were investigated before, only very few studies are avail-
able on cluster formation on surfaces of various TMDs
having different crystal symmetry. In this paper, mo-
tivated by the very recent experimental realizations of
monolayer TMDs, we investigate: (i) what are the migra-
tion characteristics of Pt atoms on different monolayer
surfaces, and (ii) how TMD substrates having different
crystal symmetries affect the formation of Ptn nanoclus-
ters (n< 5).
The paper is organized as follows: In Sec. 2 we give de-
tails of our computational methodology. In Sec. 3 adsorp-
tion and diffusion characteristics of single Pt atom on
monolayers of graphene, MoS2 and TaS2 are presented.
In Sec. 4 our results on the binding energies and mag-
netic properties of Pt2, Pt3 and Pt4 nanostructures on
three different surfaces are given. Our results are dis-
cussed in Sec. 5.
2 Computational methodology
The structural optimization and adsorption characteris-
tics of Ptn clusters on graphene, MoS2, and TaS2 sheets
reported here are based on density functional theory in
the framework of the plane-wave projector-augmented
wave (PAW) methodology implemented in the Vienna
ab-initio simulation package VASP [43, 44]. The Perdew-
Burke-Ernzerhof (PBE) [45] form of the Generalized Gra-
dient Approximation (GGA) were adopted to describe
electron exchange and correlation.
For Ptn clusters on graphene, MoS2 and TaS2 sheets,
calculations were performed using 5 × 5 × 1 supercells
which are large enough to avoid interactions between
neighboring clusters. The plane-wave cutoff energy was
set to 500 eV in all calculations. The Brillouin Zone
was sampled using a -centered k-point mesh and a
Gaussian smearing of 0.01 eV is used for total energy
calculations. Structural relaxations were performed us-
ing a conjugate gradient method where total energy and
atomic forces are minimized. The convergence criteria
for energy was chosen as 10−5 eV between two iter-
ation steps, and the maximum force allowed on each
atom was less than 10−4 eV/A˚. The pressure in the unit
cell was held below 1 kBar in the optimized structures.
Spin-polarized calculations were performed in all cases
and atomic charges were calculated by using the Bader
method [46, 47].
Previous studies have shown that the first principles
methodology is a quite powerful tool for the understand-
ing of structures and magnetic ordering of atomic clus-
ters and various stacking types. The role of the electronic
distribution on the magnetic properties and structural
modulation was successfully predicted by Wang et al
[48]. In addition Xu et al [49]. demonstrated that the os-
cillation of the Ni magnetic moment that depends on
the atomic shuffling in the superstructure dominates the
distribution of the total magnetic moment per Ni2MnGa
unit. Similarly, the investigation of crystallographic and
magnetic structures of the Ni2XGa (where X=Mn, Fe,
Co) showed that the value and the alignment of the lo-
cal magnetic moments sensitively depend on the inter-
atomic distances [50]. In addition, it was experimen-
tally and theoretically shown that stacked bilayers of
Pd/C60 are ferromagnetic and the observed ferromag-
netism originates from the formation Pd clusters be-
tween the bilayers [51].
424 C© 2014 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwww.ann-phys.org
O
riginalPaper
Ann. Phys. (Berlin) 526, No. 9–10 (2014)
Table 1 Calculated parameters for Ptn clusters on graphene, 1H-MoS2 and 1T-TaS2 respectively; stable configurations for the
Ptn-cluster/substrate systems, total magnetic moment of the cluster Mtotal (μB ), binding energy per Pt atom Eb (eV/atom) and the
average charge transfered between the surface and the Pt cluster ρ. Positive values of ρ correspond to charge donation to the Pt
cluster.
Graphene 1H-MoS2 1T-TaS2
Shape Mtotal Eb ρ Shape Mtotal Eb ρ Shape Mtotal Eb ρ
(μB ) (eV/atom) (e) (μB ) (eV/atom) (e) (μB ) (eV/atom) (e)
Pt1 - 0.0 1.70 0.02 - 0.0 2.89 −0.07 - 1.0 3.71 −0.10
Pt2 Dimer 0.0 2.25 −0.02 Dimer 0.0 3.03 −0.07 Dimer 0.1 3.68 −0.01
Pt3 Triangle 0.0 2.97 −0.03 Triangle 0.0 3.35 0.08 Triangle 1.0 3.87 0.16
Pt4 Bent Rhombus 2.0 3.15 −0.11 Tetrahedral 0.0 3.60 0.03 Tetrahedral 0.3 4.01 0.21
For the determination of the most favorable adsorp-
tion sites calculations were performed by placing Pt sin-
gle atoms over various high symmetry lattice points. In
Table 1, only the energetically most favorable sites were
reported. The binding energies (per Pt atom) were calcu-
lated according to the formula Eb = [E(Host) + nE(Pt)
− E(Host + Ptn)]/n, where E(Host) is the energy of the
supporting monolayer sheet, E(Host + Ptn) is the total
energy of the monolayer with Pt atom(s), E(Pt) is the en-
ergy of an isolated Pt atom and n is the number of Pt
atoms in the cluster.
3 Adsorption and migration of single Pt atom
In this section, we present our results concerning fa-
vored adsorption sites, the binding energies and mag-
netic ground states for a single Pt atom on monolayers
of graphene, MoS2 and TaS2. Just like graphene, MoS2
and TaS2 have hexagonal crystal structure composed of
layers of metal atoms (M) sandwiched between layers of
chalcogen atoms (X) with stoichiometry MX2. As shown
in Fig. 1, while MoS2 has trigonal prismatic coordination,
each Ta atom has octahedral coordination in monolayer
TaS2. In the following discussion, trigonal prismatic and
octahedral phases are referred as 1H and 1T structures,
respectively. In both H and T phases the trigonally ar-
ranged monolayer lattice of metal atoms is sandwiched
between two chalcogen layers and hence each metal
atom is surrounded by six chalcogen atoms. In contrast
to the weak inter-layer interaction, metal and chalco-
gen atoms have strong intra-planar bonds that have a
covalent character. Due to different lattice symmetries
of these monolayers one can expect different diffusion
characteristics for foreign atoms on these different sur-
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Figure 1 (Color online) Top views of the atomic structures of (a)
graphene, (b) 1H-MoS2 and (c) 1T-TaS2 and possible adsorption
sites: the hollow site (H), the bridge site (B), the top-Mo site (Mo)
and the top-Ta site (Ta). S1 and S2 refer to the point on top of a S
atom of upper and lower chalcogen layers in 1T-TaS2, respectively.
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Figure 2 Variation of energy for a single Pt adatom along the sym-
metry points (shown in Fig. 1) of single layer graphene, MoS2 and
TaS2. Zero of energy is set to the energy of themost favorable site.
faces. Our results are summarized in Table I. Diffusion
pathways (see Fig. 2) of a Pt atom on different support-
ing layers were obtained by calculating the total energy
on different adsorption sites along the high symmetry
points.
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The calculated lattice constant of the primitive unit-
cell of graphene is a = 2.46 A˚. For adsorption calcula-
tions of a single platinum atom on a non-defective sur-
face a 4 × 4 graphene supercell is used. As shown in
Fig. 1(a) there are three favorable adsorption sites on the
surface of graphene: the hollow (H) site on the center
of a hexagon, the bridge (B) site on the midpoint of a
C-C bond, and the top (T) site directly above a carbon
atom. In agreement with recent ab initio calculations the
bridge site is found to be the energetically most favorable
site. Each Pt atom is adsorbed at the B site with bind-
ing energy of 1.70 eV. Although, an isolated platinum is
in a magnetic ground state with 2 μB net moment, when
it is adsorbed on graphene there exists no net magnetic
moment. This finding is consistent with the previously
reported data [8]. Our analysis reveals that the nonmag-
netic state is favored by 0.92 meV over the magnetic state
with 2 μB net moment.
Differing from the one-atom-thick crystal structure of
graphene, MoS2 has a three-layered structure made of
trigonally arranged Mo atoms sandwiched by two S lay-
ers. The point group of graphene is D6h, while the mono-
layer (1H) structure of MoS2 belongs to the D3h symme-
try group. We found that the optimized lattice constant of
1H-MoS2 is 3.18 A˚ and a 3 × 3 supercell is large enough
to hinder the interaction between Pt atoms in adjacent
cells. For the adsorption of a single Pt atom on 1H-MoS2
there are four different possible sites: on top of Mo (Mo),
on top of S (S), on top of a Mo-S bond (B) and on top
of the hollow (H) sites (see Fig. 1(b)). When a Pt atom
is adsorbed at the Mo site, the largest binding energy
(minimum total energy) is found. It is also seen that im-
mersion of a Pt atom to the Mo layer is not allowed at the
hollow site by an energy barrier of 6.91 eV. Therefore, the
most stable site of Pt atom absorption occurs at the Mo
site with a binding energy of 2.89 eV.
Similar to MoS2, TaS2 monolayer contains 3 layers of
octahedrally coordinated S-Ta-S atoms. This monolayer
(1T) structure belongs to the symmetry group of D3d.
However, differing from 1H-MoS2, 1T-TaS2 shows metal-
lic behavior. The optimized lattice constant of the 1T-
TaS2 sheet is a = 3.74 A˚ and a 3 × 3 supercell is used.
Calculations of adatom Pt and monolayer TaS2 system
are carried out for the Pt atom located at the four high
symmetry sites, as indicated in Fig. 1(c): on bridge (B), on
top of S (S1), on top of Ta (Ta) and on top of lower layer S
atom (S2). The most favorable site for Pt atom adsorbed
on TaS2 was found to be the Ta site with binding energy of
Eb = 3.71 eV/atom. Upon the adsorption of a Pt atom on
Ta site TaS2 monolayer exhibits a spin polarized ground
state with net magnetic moment of 1 μB .
Pt Dimer2 Pt Chain3
Pt Planar4
Pt Triangle3
Pt Bent Rhombus4 Pt  Tetrahedral4
Figure 3 (Color online) Possible configurations of Ptn clusters on
the surface of monolayers of graphene, MoS2 and TaS2.
4 Ptn clusters on different monolayers
In this section the formation of Ptn clusters on vari-
ous surfaces were investigated via total energy calcula-
tions. In order to accurately simulate the step-by-step
nucleation of each Ptn cluster, various configurations of
Ptn−1+Pt systems were considered. As shown in Fig. 3
there are several possible configurations for each Ptn
cluster. Although all the possible configurations of n
Pt atoms that correspond to a minimum on the Born-
Oppenheimer surface were considered in our calcula-
tions, only the atomic structures that correspond to the
ground state geometry are presented in Fig. 4 for the sake
of clarity.
4.1 Pt2 clusters
As shown in Fig. 4(a) when a Pt atom is adsorbed on
the surface of graphene the most favorable adsorption
site for the next Pt atom is found to be a second nearest
bridge site. Due to the larger atomic radius of Pt atoms
adsorption on the first nearest bridge site is not allowed.
For this Pt2 dimer the Pt-Pt bond length is 2.60 A˚ and
the average Pt-C bond length is 2.15 A˚. The binding en-
ergy of a Pt2 dimer is calculated to be 2.25 eV/atom and
therefore the formation of each dimer occurs with an en-
ergy benefit of 0.55 eV/atom. It is also found that the
Pt2+graphene structure does not exhibit any spin polar-
ization in its ground state.
As depicted in Fig. 4(b), when a Pt atom is adsorbed
on MoS2, neither nearest top-sulfur nor nearest hollow
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Figure 4 (Color online)Most stable configurations for Ptn-clusters
on three different substrates, graphene (left column), MoS2 (mid-
dle column) and TaS2 (right column). The red balls denote Pt atoms.
site is the preferential site for the next Pt atom. Differ-
ing from the graphene surface, MoS2 allows dimer for-
mation on nearest top-Mo sites. Therefore a full coverage
of the MoS2 surface by a trigonally arranged one-atom-
thick layer of Pt atoms may be possible under suitable
conditions. Here the calculated binding energy of a
dimer is 3.03 eV/atom and therefore the 0.14 eV/atom
energy benefit shows the preferability of clusterization
on the MoS2 substrate. Here the Pt2+MoS2 structure has
a nonmagnetic ground state. In addition, our charge
analysis showed that 0.07 of electrons are transfered from
the Pt atoms to the surface whereas charge transfer from
the Pt2 clusters to the graphene surface is 0.02 electrons.
However changing the substrate to TaS2 results in
some differences in energetics and electronic proper-
ties of Pt2 clusters. When Pt2 clusters are formed on the
TaS2 sheet the distance between Pt-Pt is 2.85 A˚ and
the Pt-S distance is 2.32 A˚. The binding energy is
Eb = 3.68 eV/atom and Pt atoms are both located on top
of the Ta sites (see Fig. 4(c)). Although the most favor-
able configuration of two Pt atoms is a dimer as on the
MoS2 surface, the ground state is spin polarized with a
net magnetic moment of 0.1 μB . Another significant dif-
ference between the two TMDs, MoS2 and TaS2, is that
the formation of Pt2-dimers is not energetically favor-
able on TaS2. It appears that the decoration of TaS2 by Pt
atoms may provide quite stable surface structures with
new functionalities.
4.2 Pt3 clusters
For a Pt3 cluster supported by single layer graphene, the
energetically most stable form is a triangle-shaped clus-
ter perpendicular to the surface. In this configuration
two Pt atoms sit on opposite B sites and the other Pt is
located at the hollow site (see Fig. 4(d)). We have also
considered flat-lying triangle and linear chain configura-
tions which turned out to have higher energy. Since these
two structures are not energetically favorable, thermal
effects immediately drive the atoms to form a triangle-
shaped Pt3 structure perpendicular to the surface. Con-
sequently, clustering is favored since the binding energy
is Eb=2.97 eV/atom. The Pt atoms, which are located at
the C-C bridge sites, have bonding length 2.46 A˚ , and the
Pt-C bond length is 2.24 A˚. Due to the weak interaction
between them, it is nonmagnetic and 0.03 electrons are
transfered from the surface to the Pt cluster.
As discussed above for graphene, we treated both
linear chain and triangular shapes for Pt3 clusters on
MoS2 layer. The same behavior is shown by the Pt3-
cluster adsorbed on MoS2. The system is inclined to form
a nearly perpendicular triangle with binding energy of
3.35 eV/atom, which is depicted in Fig. 4(e). No signifi-
cant magnetic moments are induced on the 5 × 5 MoS2
layer. The average bond length of the Pt atoms is about
2.67 A˚, and the length of the nearest Pt-S bond is 2.26 A˚.
The system is nonmagnetic and charge transfer occurs
from the surface to the Pt3 clusters (0.08 electrons).
On the other hand, three Pt atoms on a TaS2 layer
appear magnetic with a net magnetic moment of 1 μB .
The configuration shown in Fig. 4(f) displays a triangu-
lar shaped Pt3 on graphene or MoS2, but the distance
between the Pt-Pt atoms located on the Ta site is much
longer and therefore the Pt-Pt interaction is weak. How-
ever the interaction between the cluster and the TaS2
layer is quite strong. The two platinum atoms which sit
on top of the Ta atoms have a bond length of 3.31 A˚, and
the distance to the other Pt atom is 2.51 A˚, however the
bond length with the surface is about 2.37 A˚. From the
Bader analysis, it appears that 0.16 electrons are given
from the surface to the Pt3 cluster.
4.3 Pt4 clusters
For the case of Pt4, there are three typical structures that
can be formed on a surface; planar, bent rhombus or
C© 2014 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 427www.ann-phys.org
O
rig
in
al
Pa
pe
r
H. D. Ozaydin et al.: Formation and diffusion characteristics of Pt clusters
tetrahedral as shown in Fig. 3. The bent rhombus clus-
ter on graphene (see Fig. 4(g)) is more favorable than the
flat one with an energy difference of 66 meV/atom. In
this configuration the length of the shortest Pt-Pt bond is
2.52 A˚, and the Pt-C bond is about 2.23 A˚. While the single
Pt atom, the most stable Pt2 and Pt3 clusters on graphene
are nonmagnetic, Pt4 has a ferromagnetic ground state
with a net magnetic moment of 2 μB . It appears that 0.11
of electron charge are transported from the Pt atoms to
the surface.
For four Pt atoms adsorbed on the MoS2 surface, the
most favored configuration state consists of a three di-
mensional tetrahedral shape where three Pt atoms are
located on top of Mo, and the fourth Pt atom is bonded
to the other three Pt atoms only (Fig. 4(h)). The aver-
age distance between the edge platinum atoms and sul-
fur atoms is 2.35 A˚ and the binding energy of the clus-
ter is Eb= 3.60 eV/atom. The plane configuration of Pt4
is not a stable state. The Pt4 cluster adsorbed on the
MoS2 structure has a nonmagnetic ground state and the
charge transfer from the surface to the adatom Pt is 0.03
electrons.
Finally, we analyzed the structural and magnetic
properties of Pt4 clusters on a TaS2 sheet. We have com-
pared the adsorption energies of a planar and a tetrahe-
dron structure. Not surprisingly as shown in Fig. 4(i), af-
ter relaxation the Pt4 clusters exhibit a tetrahedral shape
on TaS2 because it is 0.7 eV more favorable than the pla-
nar shape. The Pt-Pt bond length of the edge atoms is
3.54 A˚ while the average distance to the S atoms is 2.37 A˚.
For the system of Pt4+TaS2, the magnetic properties are
also investigated, and it has a degenerate ground state
consisting of nonmagnetic and magnetic cases with 2 μB .
Moreover, charge transfer from the TaS2 to Pt4 cluster is
0.21 electrons.
5 Conclusions
We investigated the adsorption properties, the diffusion
pathways and clustering of Pt atoms on graphene, 1H-
MoS2 and 1T-TaS2 by means of density functional the-
ory. While a single Pt atom is adsorbed on the bridge
site of graphene, the top of the transition metal atom
is the most favorable site on TMD substrates. It is also
seen that the binding energies on TMDs are larger on
1H-MoS2 and 1T-TaS2. Our total energy calculations also
revealed that the formation of Ptn clusters is favorable
on graphene, MoS2 and TaS2 substrates. We found that
these substrates, with their different crystal symmetries,
exhibit different absorption and diffusion characteris-
tics. While graphene hosts an easy clusterization of Pt
atoms, nucleation of Pt clusters on the surface of tran-
sition metal dichalcogenides, regardless of the 1H or 1T
phase, is more difficult and can take place at higher tem-
peratures. Due to the larger atomic separation on 1T-
TaS2 one can expect a smaller mobility of the clusters.
We believe that our study on monolayer crystals having
different symmetries provide a gateway for further explo-
ration of nanocluster formations on various surfaces.
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